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Abstract 
Poppet valves are popular components of hydraulic systems, but they sometimes 
induce vibration in these systems. In particular, the vibration phenomenon of a poppet 
valve in a cavitation state is a troublesome problem in hydraulic systems, because the 
dynamic effects of cavitation on the poppet valve are difficult to predict. In this research, 
we investigated the vibration phenomenon of the poppet valve in the cavitation state in 
a visualization experiment and numerical simulation. We found in numerical simulation 
that it is possible to predict the tendency of the vibration by assuming that the bulk 
modulus of hydraulic oil is affected by the ratio of cavitation bubbles mixed in the oil. 
Additionally, we proposed a simple method of estimating the quantity of cavitation 
bubbles through visualization experiments and image processing. We then improved 
the prediction accuracy of the poppet valve behavior by applying the bubble mixing 
ratio obtained using the method in the numerical simulation model. The described 
methods not only avoid the sensor effect on the flow field but also save the additional 
measurement cost, and they are easy to apply to hydraulics systems. 
KEYWORDS: Poppet valve, Vibration, Cavitation, Visualization, Numerical 
simulation 
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1. Introduction 
Poppet valves are popular components in hydraulic systems, but they sometimes 
induce vibration in a system. The problem has been well studied, and explanations of 
the induced vibration are the combined relation of fluid compressibility /1/, the motion of 
other equipment /2/, the pipe properties /3/, the flow force /4/, and the collision between 
the poppet and valve seat /5/. Many cases of system vibration have thus been 
explained, but it is difficult to explain the specific vibration under certain conditions. 
Our previous experimental and numerical investigations revealed that a specific 
vibration will occur under low back pressure conditions with cavitation /6/. In response 
to this result, we attempt to predict the poppet valve vibration in a cavitation state in a 
visualization experiment and numerical simulation in this paper. We find in the 
numerical simulation that it is possible to predict the tendency of the vibration by 
assuming that the bulk modulus of hydraulic oil changes with the ratio of cavitation 
bubbles mixed in the oil. Additionally, we construct a simple method of determining the 
bubble volume mixing ratio of oil through visualization experiments and image 
processing. We then improve the prediction accuracy of the poppet valve behavior in 
numerical simulation by applying the bubble volume mixing ratio. 
2. Experiment Procedure 
The experimental system and tested valve are shown in Figures 1 and 2. The basic 
configuration of the experimental system and the tested valve was the same as in our 
previous report /6/. However, the mechanism of the tested valve was an adjustable 
poppet displacement by a bolt (22). Additionally, pressure transducers (FISO 
Technologies Inc., FOP-M-BA) for measuring downstream pressures , , , and 
, were set at the positions  = 2.5, 7.5, 12.5, and 17.5 mm toward the downstream 
from the valve seat. 
A high-speed camera (16) and a metal halide light (17) were used to measure the 
poppet valve movement and cavitation state. The imaging conditions were a frame rate 
of 6000 fps and shutter speed of 1/16000 ms, and images were recorded with a 
monochrome lens. These were arranged as shown in Figure 1. 
The experimental conditions are given in Table 1. In the cavitation state measurement, 
we changed  from 0 to 55 L/min at intervals of 5 L/min by adjusting the poppet 
displacement with a bolt (22), and adjusted  to about 0.05 MPa using the throttle 
valve (3). 
146 10th International Fluid Power Conference | Dresden 2016
  
Figure 1: Experimental system                      Figure 2: Tested poppet valve 
Quantity Symbol Value Units 
Differential pressure of valve 1.75E+6 Pa 
Average downstream pressure  0.05 Pa(gauge) 
Pump flow rate  0 ~ 55 L/min 
Oil temperature  30, 40, 50 ± 2 °C 
Kinetic Viscosity  45.47E-6 m2/s@40°C 
Oil density  868.9 kg/m3 
Table 1: Experimental conditions 
3. Numerical Simulation 
The simulation model is sketched in Figure 3. The basic configuration and 
specifications are the same as in our previous report /6/. The motion equation of the 
poppet valve is  
, (1) 
where  is the mass of the poppet,  is the poppet displacement,  is time,  is the 
force of pressure acting on the poppet,  is the force of the spring,  is the static flow 
force, and  is the viscosity resistance force. Since the equation used to calculate 
these forces and the elements used in the calculation are the same as in our previous 
report /6/, the equation is omitted in this paper. 
Furthermore, in this paper, two types of bulk modulus are used for the equations as in 
our previous report /6/: the bulk modulus of the hydraulic oil  and the effective bulk 
modulus when bubbles are mixed into the oil .  is a constant (  = 1 GPa) while 
 is given by  
, (2) 
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, (3) 
where  (= ) is the bulk modulus of gas in the bubbles,  is the gauge pressure, 
 is the absolute pressure,  is the bubble volume mixing ratio of oil,  is the 
bubble volume mixing ratio of oil at atmospheric pressure, and  is the specific heat 
ratio. In this paper, the specific heat ratio is defined as  = 1.4 by assuming that the gas 
in bubbles has the same physical properties as air. 
In the numerical simulation performed in this paper,  is applied to the calculation of 
the pressure of the upstream hose and the upstream chamber  because 
compressibility of the hydraulic fluid is a dominant by high pressure. Additionally,  
is applied to the calculation of the pressure of the downstream chamber , the spring 
chamber  ,and the downstream hose, where it is expected that the compressibility of 
the oil is affected by the mixing of the cavitation bubbles /7/. 
 
Figure 3: Simulation model 
4. Method of Determining the Bubble Volume Mixing Ratio 
When light irradiates the cavitation, small bubbles reflect the light. The reflection 
amount thus increases with the quantity of cavitation bubbles /6/. We therefore 
considered that the bubble volume mixing ratio can be obtained from a numerical value 
of this relationship. We identified the bubble volume mixing ratio of oil at atmospheric 
pressure  through visualization experiments and image processing. The specifics 
of the method are described below. 
1) As shown in Figure 4, the data recorded by the high-speed camera are divided into 
still images using video editing software (PEGASYS Inc., TMPGEnc plus 2.5). The 
divided images are synthesized into one image by superposition processing, which 
involves averaging processing. In addition, to correct for the difference in the ambient 
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brightness of each image, the average image is adjusted in terms of brightness  (0 ≤ 
 ≤ 255); the index of the darkest part V is  = 0 while the index of the brightest part W 
is  = 255. 
 
Figure 4: Creating the average image 
2) A region is defined for extracting the brightness from the averaged image. Figure 5 
shows the downstream pressure , , , and  at the position  of each 
pressure transducer at flow rates  = 10, 20, 30, 40, and 50 L/min and oil 
temperature  = 40 °C. It is found that , , and  are affected by  and  
is largely unaffected by . This means that the position  = 17.5 mm is suitable for 
extracting the brightness because the state of flow and bubbles is relatively stable at 
this position. Therefore, the extraction region A is defined around  = 17.5 mm as 
shown in Figure 6. 
 
Figure 5: Downstream pressure at the position of each pressure transducer 
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Figure 6: Definition of extraction region A 
3) The average brightness  in the  direction is calculated from the brightness 
 of the extraction region A. The relationship between the radial direction  of the 
oil passage and  is shown in Figure 7. We find that  has a maximum 
value at  = 0 mm and a minimum value at  = −9 and 9 mm. The cause of the change 
in  is the thickness  of the oil passage for each . The influence was thus 
removed using 
, (4) 
where  is the average brightness of removed the influence of  from 
, which is shown in red in Figure 7.  is approximately constant in 
the range C (−3 ≤  ≤ 3mm) because the effect of the refraction of light by the 
cylindrical oil passage is weaker. From this result, the average of  in the 
range C is defined as the average brightness  in this paper, and it was used in 
determining the bubble volume mixing ratio. 
 
Figure 7: Definition of extraction region A 
4) Average brightness  is obtained from the experimental results under the 
conditions  = 0 55 L/min and  = 30, 40, and 50 °C; it is shown in Figure 8.  
was zero in absence of cavitation bubbles in the downstream (  = 0 L/min),  
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increased with  under all temperature conditions, and  tended to be below 26 
at  = 25 55 l/min and  = 40 and 50 °C. The results reveal that  = 13 is 
equivalent to the bubble volume mixing ratio  = 0%, and  increases with  and 
. In addition, it is revealed that the liquid is completely clouded by the mixing of micro-
bubbles (  ≈ 1%) /8/. This means that a change in light with respect to the quantity of 
bubbles is difficult to measure at  ≥ 1%. We thus assumed that  ≈ 26 is equivalent 
to  ≥ 1% in this paper. 
 
Figure 8: Average brightness . 
5) The bubble volume mixing ratio of oil  is obtained from the findings in 4); it is shown 
in Figure 9. The proposed method can obtain changes in  in the range of 0 % ≤  ≤ 
1 %, but  cannot be measured at  ≥ 1 % because the oil is completely cloudy. 
Additionally, the bubble volume mixing ratio of oil at atmospheric pressure  is 
calculated according to a transformation of Equation (3) written as 
, (5) 
where  is the value of .  is shown in Figure 10. The range F is the range of 
 calculated for the range of 0 % ≤  ≤ 1 %; the data within this range are 
considered to be reliable. 
 
Figure 9: Bubble volume mixing ratio of oil  
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Figure 10: Bubble volume mixing ratio of oil at atmospheric pressure  
Employing the procedure described above in steps 1)–5), the bubble volume mixing 
ratio of oil at atmospheric pressure  is obtained. However, when using this method, 
it is possible that there are measurement errors due to changes in the light source and 
ambient light during shooting. Therefore,  in this paper is not a strict physical 
quantity, but an estimate from the image data. 
5. Prediction of Valve Vibration in the Cavitation State 
5.1. Effect of the Bulk Modulus in the Cavitation State 
We investigated the effect of cavitation acting on poppet valve vibration in a numerical 
simulation. In this simulation, the effective bulk modulus when bubbles were mixed into 
the oil  is set for the downstream chamber, spring chamber, and downstream hose, 
and the bubble volume mixing ratio of oil at atmospheric pressure  is assigned 
systematically values (  = 0 %, 0.01 %, 0.1 %, and 1 %). 
Figure 11 (a) and (b) compares the upstream pressure between simulation results and 
experiment results reported in our previous paper /6/ at  = 0 % and 0.1 %, flow 
rate  = 30 L/min and oil temperature  = 40 °C. The simulation and experimental 
results differ appreciably at  = 0 %, while the waveforms substantially coincide at 
 = 0.1 %. 
Figure 12 (a) and (b) shows the amplitude of upstream pressure  and the 
dominant frequency  obtained from simulation at  = 0%, 0.01%, 0.1%, and 1%, 
 = 10–55 L/min, and  = 40 °C, and compares the results with experiment results 
reported in our previous paper /6/.  tends to increase with , and the 
tendency strengthens with increasing . In addition, under the conditions of  = 
0.01 %, 0.1 %, and 1 %, the simulation results are similar to the experimental values at 
a particular flow rate. The simulation results of  are more similar to experimental 
results when considering  than when not considering . 
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The results show that it is possible to predict the tendency of the vibration in numerical 
simulation by assuming that the bulk modulus of hydraulic oil is affected by the ratio of 
cavitation bubbles mixed in the oil. 
  
(a)  = 0 %                                            (b)  = 0.1 % 
Figure 11: Comparison of simulation and experiment /6/ results for the upstream 
pressure. 
  
(a) Amplitude of upstream pressure                   (b) Dominant frequency  
Figure 12: Effect of the bubble volume mixing ratio of oil at atmospheric pressure 
5.2. Improvement of prediction accuracy 
The results in section 5.1 reveal that poppet valve vibration in a cavitation state can be 
predicted with high accuracy in numerical simulation by the accurate input of the 
bubble volume mixing ratio for oil . We therefore apply  obtained from 
experimental results using the method proposed in section 4 to the numerical 
simulation model, to improve prediction accuracy. 
Figure 13 (a) and (b) shows the amplitude of upstream pressure  and dominant 
frequency  obtained from simulation at  = 10–50 L/min,  = 0.13 % @ 10 
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L/min, 0.35 % @ 20 L/min, 0.74 % @ 30 L/min, 1.5 % @ 40 L/min, and 1.6 % @ 50 
L/min, and  = 40 °C, and compares the simulation results with experimental results 
reported in our previous paper /6/.  obtained in simulation is in good agreement 
with the experimental results and  obtained in simulation shows a qualitative 
agreement with the experimental results. The poppet valve vibration in a cavitation 
state can thus be predicted in numerical simulation using the  equivalent of actual 
conditions. 
  
Figure 13: Improvement of prediction accuracy using the bubble volume mixing ratio of 
equivalent actual conditions 
6. Conclusion 
In this research, to predict the vibration phenomenon of the poppet valve in a cavitation 
state in numerical simulation, a simple method of determining the bubble volume 
mixing ratio of oil was proposed, employing a visualization experiment and image 
processing. It was found that the poppet valve vibration phonomenon in a cavitation 
state can be predicted in numerical simulation by considering the bubble volume mixing 
ratio for oil at atmospheric pressure. Further accuracy can be achieved using the 
bubble volume mixing ratio of equivalent actual conditions. The proposed method is 
effective for engineering because it can evaluate the behavior of a valve under the 
effect of the complex cavitation phenomenon from the bulk modulus, and the 
determiniation of the bubble volume mixing ratio does not require expensive equipment 
or advanced technology. 
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8. Nomenclature 
,  Brightness and average brightness of image - 
 Average brightness for each  - 
 Average brightness after removing the effect of  - 
 Thickness of oil passage in each  m 
 Static flow force N 
 Force of spring N 
 Force of pressure acting on the poppet N 
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 Viscosity resistance force N 
 Dominant frequency of upstream pressure Hz 
 Effective bulk modulus Pa 
,  Bulk modulus of gas in bubble and oil Pa 
 Mass of poppet kg 
,  Gauge pressure, Absolute pressure Pa 
, ,  Pressure of spring chamber, downstream and upstream Pa 
 Downstream pressure near valve seat Pa 
,  Average pressure downstream and upstream Pa 
 Amplitude of upstream pressure Pa 
 Pump flow rate L/min 
 Radius of oil passage m 
 Oil temperature °C 
 Time s 
 Bubble volume mixing ratio of oil % 
  at atomospheric pressure % 
 Poppet displacement m 
 Position of pressure transducer downstream m 
 Specific heat ratio - 
 Differential pressure of valve Pa 
 Kinetic viscosity m2/s@40 °C 
 Oil density kg/m3 
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